Aims/hypothesis We evaluated the effects of a combination triple antioxidant therapy on measures of cardiovascular autonomic neuropathy (CAN) and myocardial blood flow (MBF) in patients with type 1 diabetes. Methods This was a randomised, parallel, placebo-controlled trial. Participants were allocated to interventions by sequentially numbered, opaque, sealed envelopes provided to the research pharmacist. All participants and examiners were masked to treatment allocation. Participants were evaluated by cardiovascular autonomic reflex testing, positron emission tomography with .045) compared with placebo. There were no significant differences at follow-up between antioxidant treatment and placebo in the global MBF, coronary flow reserve, or in measures of DPN and markers of oxidative stress. The majority of adverse events were of mild-tomoderate severity and did not differ between groups Conclusions/interpretation In this cohort of type 1 diabetes patients with mild-to-moderate CAN, a combination antioxidant treatment regimen did not prevent progression of CAN, had no beneficial effects on myocardial perfusion or DPN, and may have been detrimental. However, a larger study is necessary to assess the underlying causes of these findings.
Introduction
Death from cardiovascular disease (CVD) remains the main cause of excess mortality rates in patients with type 1 diabetes [1] . Cardiovascular autonomic neuropathy (CAN) is associated with silent myocardial ischaemia and predicts enhanced cardiac risk. The development of CAN is a function of complex interactions between degrees of glycaemic control, disease duration, age-related neuronal attrition, and systolic and diastolic blood pressure [2] . These promote progressive autonomic neural dysfunction in a fashion that parallels the development of peripheral neuropathy, e.g. beginning distally and progressing proximally. Our data [3] and those of others [4] have confirmed that there is a compensatory increase in cardiac sympathetic tone in response to subclinical peripheral denervation early in the progression of CAN in patients with type 1 diabetes. Sympathetic denervation follows later, beginning at the apex of the ventricles, and progresses towards the base.
Oxidative stress is implicated in the development and progression of the chronic complications of diabetes, including CAN [3, [5] [6] [7] [8] . We have previously reported that indices of oxidative stress were correlated with cardiac sympathetic dysinnervation and impaired myocardial vascular responsiveness in type 1 diabetes patients [3] .
The goal of the current study was to understand the interrelationships between left ventricle (LV) sympathetic dysinnervation, altered myocardial blood flow (MBF) regulation, impaired neurotrophism and oxidative stress in type 1 diabetes. We postulated that attenuation of oxidative stress would result in the prevention or reversal of CAN. Phase II randomised controlled trials using the antioxidant α-lipoic acid (ALA) had previously shown some favourable effects on indices of heart rate variability [9] . However, the reported effects of various individual antioxidants in preventing or reversing diabetic peripheral neuropathy (DPN) or CAN have been inconsistent and disappointing [2, 6, 7] . We postulated that the failure of single antioxidant agents reflected a failure to address the multiple pathways that generate oxidative stress and are thought to promote complications of diabetes.
In the current study, we used a combination antioxidant therapeutic regimen aimed to address three different steps in the generation of oxidative damage: (1) xanthine-oxidase inhibition with allopurinol (to prevent oxygen free radical formation); (2) scavenging of oxygen free radicals with ALA; and (3) poly (ADP-ribose) synthase inhibition with nicotinamide (to reduce the downstream consequences of oxidative stress). We hypothesised that if several pathways were targeted at the same time with a combined antioxidant regimen, this would more effectively attenuate oxidative stress than single agents, and prevent deficits in LV sympathetic innervation and deficits in myocardial vascular responsiveness in participants with type 1 diabetes and mild-to-moderate CAN. We also conducted a comprehensive analysis of the effects of this antioxidant cocktail on measures of DPN in these patients.
Methods

Study design and patient population
This trial was a prospective, randomised, double-blind, placebo-controlled parallel group study. Participants with type 1 diabetes with early complications were randomly assigned to a combination antioxidant regimen or to placebo. Inclusion criteria required a diagnosis of type 1 diabetes (WHO), age 18 to 65 years, HbA 1c <75 mmol/mol (9%), stable diabetes control over the previous 3 months, the presence of mild non-proliferative diabetic retinopathy (at least level ≥20 in the Early Treatment of Diabetic Retinopathy Scale) [10] or of microalbuminuria, and the presence of CAN, defined as a distal defect in [ retention involving at least 10% of the LV. These criteria were selected on the basis of previously obtained evidence describing mild deficits in LV [ 11 C]HED retention in participants with mild non-proliferative retinopathy or mild albuminuria in spite of normal cardiovascular reflex testing [3] . Participants with any of the following were excluded: preexistent CVD (coronary artery disease, positive stress test, congestive heart failure, arrhythmias, ventricular structural abnormalities, valvular disease), uncontrolled hypertension, severe systemic or inflammatory diseases (which could be associated with an increased likelihood of retinopathy, nephropathy or neuropathy), previous kidney, pancreas or cardiac transplantation, pregnancy or lactation in women, history of drug or alcohol dependence, and use of any other medications known to interfere with the uptake or metabolism of catecholamines (including immunosuppressants, tricyclic antidepressants, monoamine oxidase inhibitors and cocaine).
Intervention Allopurinol (300 mg daily), ALA (600 mg twice daily) and nicotinamide (750 mg twice daily), or matched oral placebos were administered for 24 months. The administration of each individual active drug or placebo component was titrated in consecutive weeks (first ALA, then nicotinamide, finally allopurinol) such that the participant began receiving full therapeutic doses of all the medications 3 weeks postrandomisation. Participants were allocated to interventions by sequentially numbered, opaque, sealed envelopes provided to the research pharmacist. All investigators, clinic staff and participants were blinded to treatment group assignment.
Participants were evaluated at 3 month intervals and the following recorded: data on vital signs, results of physical examination, HbA 1c values, compliance with study drugs, laboratory safety and adverse events. Follow-up evaluations were obtained immediately after completion of the 24 month treatment. All patients were required to stay on the study drug until the day of final evaluations.
All participants signed a written informed consent document and the University of Michigan Institutional Review Board approved the study.
CAN evaluations
Patients were evaluated for the presence of CAN using positron emission tomography (PET) imaging of the LV with Because autonomic function may be altered by various factors, all participants were required to fast and avoid caffeine, tobacco products, and prescription and over-the-counter medicines (except usual insulin regimen) for at least 8 h before CAN testing. Participants who experienced hypoglycaemia (defined as blood glucose ≤2.775 mmol/l and/or signs/symptoms of hypoglycaemia) after midnight prior to the above examinations, as well as those with acute illness in the previous 48 h were rescheduled. [11, 12] . ) was obtained for each LV sector, as previously described [11] . Polar maps of regional [ ]HED polar map with the mean and SD of the RI data for that sector in our database of healthy non-diabetic participants (age range 20 to 78 years, n=15 men, n=18 women, n=33 total). Using this standard z score analysis [12] , sectors in the participant's [ 
Cardiovascular autonomic reflex tests
The standardised cardiovascular autonomic reflex tests (CARTs) included the paced R-R response to deep breathing, the Valsalva manoeuvre and postural changes in blood pressure as described [13] , and were performed with Viking Quest II (Nicolet, Middleton, WI, USA).
Evaluation of MBF and coronary flow reserve
Evaluation of dynamic MBF and coronary flow reserve (CFR), a measure of endothelial function, was done at baseline and follow-up, using [ 13 N]ammonia at rest and during pharmacologically induced (i.v. adenosine) coronary vasodilation as previously described [14] . DPN evaluations DPN evaluations comprised the following: (1) assessment of symptoms using the Michigan Neuropathy Screening Instrument (MNSI), a validated neuropathy questionnaire [15] ; (2) comprehensive neurological evaluation performed by boardcertified neurologists; (3) nerve conduction studies (NCS) including the sural, peroneal and median nerves with standardisation for limb temperature as described [16] ; (4) quantitative sensory testing (QST) for cold detection and vibration perception thresholds; and (5) quantitative sudomotor axon reflex testing (QSART). In addition, skin biopsies were obtained to assess intra-epidermal nerve fibre density (IENFD), a measure of small-fibre neuropathy, to capture earliest changes associated with DPN and to evaluate the effects of intervention. All these tests were done at baseline and follow-up. Skin biopsies were performed as described [17] . Briefly 3 mm skin samples were obtained from the ankle and proximal thigh on the non-dominant side after intradermal local anaesthesia with 1% (wt/vol.) lidocaine. The tissue was fixed for 6 h in paraformaldehyde lysine phosphate before transfer to cryoprotectant and cutting into 50 μm sections using a freezing sliding microtome (Leica CM1850, Leica Microsystems, Buffalo Grove, IL, USA). Sections were stained with the pan axonal marker PGP 9.5 (Serotec, Raleigh, NC, USA)
Epidermal nerve fibres were counted using established criteria as described [17] . The final IENFD measurement was derived by taking the mean of four to six randomly selected individual sections.
Evaluation of systemic oxidative stress Systemic oxidative stress was evaluated by measuring free F 2 -isoprostanes, a reliable biomarker for assessment of oxidative stress and lipid peroxidation in vivo, from 24 h urine sample collections, and quantified using gas chromatography-mass spectrometry as described by Liu et al [18] . Deuterated internal standard was added to the free F 2 -isoprostanes and solid-phase extraction was completed. A moiety of pentafluorobenzyl was then introduced to the molecule and the hydroxyl groups were capped by trimethylsiyl derivatisation. A selective-ion monitoring technique was used to analyse the derivatives of F 2 -isoprostanes and the internal standard; the ions monitored were m/z 569 and m/z 573, respectively.
Outcome measures
The primary outcome was the change in the global [ 11 C]HED RI at 24 months in participants taking the active drug compared with those on placebo. Three secondary endpoints were also specified: endothelial dysfunction as measured by the global CFR, systemic oxidative stress as assessed by 24 h urinary free F 2 -isoprostanes and inflammation as assessed by high-sensitivity C-reactive protein (CRP). All other outcomes were specified as exploratory; these included changes in: (1) regional [ 11 C]HED RI and regional CFR; (2) resting MBF; (3) cardiovascular autonomic reflex testing; (4) measures of DPN, defined either as clinically confirmed peripheral neuropathy requiring two positive responses among neuropathic symptoms (pain, numbness, paraesthesia); and sensory signs and abnormal ankle reflexes, confirmed by NCS abnormalities involving two or more of the sural, peroneal and median nerves [16] ; and (5) changes in IENFD.
Statistical analysis
Randomisation Block randomisation was based on a block size of 4, with stratification by sex and age, where age was divided into two strata: ≤45 vs >45 years old.
Sample size The SD of [ 11 C]HED was assumed to be 0.0113, based on our previously published data of the magnitude of the RI deficit observed in the distal myocardial segments of patients with moderate to severe CAN [19] . With 15 participants per group, we estimated 80% power to detect a change of 0.015 between the mean [ 11 C]HED RI of the placebotreated and actively treated groups, when testing the null hypothesis using a two-tailed two-sample t test at a 5% level of significance. A 20% loss due to early withdrawals and/or non-evaluable measurements was assumed and, combined with the effect of stratification on analysis, resulted in the requirement to recruit 22 patients per treatment group.
Data analysis Data are shown as mean±SD. A general linear model (a more general form of ANOVA) was fitted to the data, with treatment group, sex and age strata as the independent factors. When the dependent variable was measured at 24 months, the baseline value was also included as a covariate. In addition, the analyses of all endpoints (e.g. PET and NCS) except blood pressure were adjusted for HbA 1c ; analyses of nerve conduction data were also adjusted for temperature of the limb. Differences between groups were considered significant at p≤0.05. For the significant tests we also report the estimated adjusted mean difference between the groups; i.e. antioxidant group-adjusted mean change − placebo groupadjusted mean change [20] . We report the analysis using data for participants who completed the trial, i.e. had measurements performed at baseline and 24 months. However, we repeated the analyses of the primary and secondary endpoints with zero differences imputed for participants who did not complete the trial; these analyses gave similar results to the reported analyses. The analyses were performed using SAS 9.2 (SAS Institute, Cary, NC, USA).
Results
Participants
We enrolled 44 participants with type 1 diabetes who met the inclusion criteria and were randomised to either antioxidant treatment or placebo (22 participants per group) (Fig. 1) . These participants, 39% of whom were women and 94% of whom were whites, had a mean age of 46±11 years, with 26±12 years duration of diabetes and HbA 1c of 58±5 mmol/mol (7.5±1.0%) at baseline. There were no significant differences in any of the demographic or other baseline characteristics of the Cardiac catheterisation (n=1); Continued heartburn and nausea (n=1); Severe GI upset (n=1); SB resection and R hemicolectomy due to malrotation with volvulus (n=1) Fig. 1 Flow diagram of study enrolment. GI, gastrointestinal; SB, small bowel; R, right participants, except for weight, as summarised in Table 1 . There were also no differences in HbA 1c , systolic or diastolic blood pressure, resting heart rate or total cholesterol between groups at 12 (data not shown) and 24 months of treatment (Table 2) . A total of 31 participants completed the 24 month intervention, 18 in the placebo and 13 in the antioxidant group (Fig. 1) . The main reasons for dropout are shown in Fig. 1 .
Effects of treatment on [ 11 C]HED RI
At baseline there were no differences between groups in global ( Table 1 ). In subgroup analyses, no difference was seen in the global or regional [ 11 C]HED RI between participants with a positive change in 24 h urinary F 2 -isoprostanes (a marker of oxidative stress) and those with a negative change (discussed further below). 
Effects of treatment on measures of endothelial function (CFR) and MBF
At baseline and 24 months there were no differences between the antioxidant and placebo groups in the global CFR, a measure of endothelial function and secondary endpoint of this trial ( Table 2) . The global and regional resting MBF were similar in participants in both groups at baseline and in the change between baseline and 24 months (ESM Table 1) .
No between-group differences were observed in the global stress MBF at baseline (p=0.48). The global stress MBF was decreased slightly under the antioxidant regimen at 24 months, compared with a slight increase in the placebo group; this difference did not reach statistical significance (p=0.53). There were no between-group differences in regional stress MBF in the change between baseline and 24 months (ESM Table 1 ).
Effects of treatment on urinary F2-isoprostanes and CRP
No differences were observed between placebo and antioxidant groups, respectively, in the levels of 24 h urinary F 2 -isoprostanes at baseline or in the change between baseline and 24 months of treatment (p=0.87 and p=0.24, respectively) ( Table 2) . Similarly, the antioxidant treatment had no effect on CRP levels ( Table 2) .
Effects of treatment on CARTs, nerve conduction studies and IENFD No differences were observed at baseline or after treatment for CARTs (Table 2) , symptoms and signs of DPN, MNSI findings, NCS, QST or QSART (p=NS for all) (for selected data, see ESM Table 1 ). IENFD was similar at baseline at the distal leg and at the proximal thigh in the placebo and antioxidant groups, respectively, with no effect of the antioxidant treatment being observed in these measures for the change between baseline and 24 months.
Drug compliance and adverse events
There was no difference between groups in drug compliance (67% active drug group vs 71% placebo, p=0.68). The majority (89%) of adverse events were of mild-to-moderate severity and most frequently included adverse events related to respiratory, gastrointestinal and musculoskeletal symptoms (Table 3) . Together, these three categories represented about 50% of all adverse events. The other 50% was spread over a wide range of categories. Only two serious adverse events occurred, one in each group. Both were of a gastrointestinal nature, and included one death (placebo group).
Discussion
In this cohort of type 1 diabetes patients with mild-to-moderate CAN, an antioxidant regimen designed to affect three different steps in the oxidative stress pathways did not prevent progression of CAN, had no beneficial effects on myocardial perfusion and may have been detrimental (as suggested by the decrease in global [ 11 C]HED RI and MBF). This antioxidant regimen also had no effect on other measures of CAN, such as cardiovascular reflex testing, or on wide-ranging measures of large-and small-fibre neuropathy.
The role of oxidative stress in the pathophysiology of diabetic microvascular complications, including CAN and DPN, has been amply discussed, and the evidence is compelling [3, [5] [6] [7] 21] . Moreover, various antioxidants have been shown to prevent or delay the progression of CAN and DPN in animal models [21] [22] [23] [24] . For instance, treatment with the antioxidant ALA prevented the formation of reactive oxygen species, caspase-3 activation, nuclear DNA degradation and activation of the receptor for advanced glycation end-products, which have all been shown to promote the development of DPN [25] . The antioxidant allopurinol has been shown to have marked neural and vascular effects in a rat model of diabetes [26] and to attenuate the development of diabetic cardiomyopathy in the streptozotocin-induced mouse model of type 1 diabetes [27] . In another established rat model of type 1 diabetes, nicotinamide was shown to be effective at reversing early DPN [28] and to be neuroprotective in combination with antioxidant melatonin [29] . Furthermore, in the experimental model study that provided a basis for the present clinical trial, our group demonstrated that ALA, allopurinol and nicotinamide had independent effects on oxidative stress and neuronal survival, as well as providing neural protection when used in combination [30] . Our choice of antioxidant regimen was based on the mechanism by which each antioxidant exerts its own effect on attenuating oxidative stress. ALA directly scavenges free radicals, recycles other natural antioxidants, protects peripheral nerves from lipid peroxidation and increases the activity of catalase and superoxide dismutase (SOD) [31] , possibly resulting in the normalisation of impaired endoneural blood flow and nerve conduction velocity [31] . Further mechanisms of ALA include: (1) improving the antioxidant defence system through gene expression; (2) inhibiting nuclear factor κB; and (3) activating AMPK in skeletal muscles, with each of these factors having numerous effects [32] . Allopurinol inhibits the xanthine-oxidase pathway, thereby reducing the number of reactive oxygen species formed. Nicotinamide, a watersoluble form of vitamin B 3 , is a weak first-generation poly (ADP-ribose) polymerase inhibitor and a precursor of NAD + . Besides its antioxidant properties, it has been shown to improve energy status in ischaemic tissue, regulate neuronal calcium fluxes and inhibit apoptosis [28] .
Despite the promising results in animal studies, studies of the effects of antioxidant therapy on measures of neuropathy in humans have been disappointing. The conclusions of a 4 month randomised control multicentre trial (DEKAN study) showed that ALA treatment (800 mg/day orally) of type 2 diabetes mellitus patient 'may slightly improve CAN' in this patient population [33] . Moreover, the data from seven clinical trials (ALADIN I, II, and III, SYDNEY, SYDNEY 2, ORPIL and NATHAN I) with a total of 1,551 patients treated with ALA (parenteral, oral or combined) for periods ranging from 3 weeks to 4 years are inconclusive [34] [35] [36] [37] . Although some studies showed improvements in various symptoms scores, more objective measures were neutral at best. In another study done on 40 adolescents with type 1 diabetes, a controlled-release formulation of ALA did not have any significant effect on markers of oxidative damage or total antioxidant status [38] .
A possible explanation for the low rate of success in previous studies is the complexity of mechanisms underlying increased oxidative stress in diabetes, and the fact that using single agents addressing a single pathway have been considered insufficient to effectively correct excess oxidative stress. A recent prospective, non-randomised, open-label study of 50 patients with diabetic neuropathy who were treated with ALA and SOD showed improved nerve conduction velocity and pain perception [39] , providing some support for the rationale of our study. However, here we report that our antioxidant approach lacked effectiveness, with no detectable changes in the levels of 24 h urinary F 2 -isoprostanes, a marker of oxidative stress. This is unlikely to reflect a suboptimal dosing regimen, as therapeutic doses of all agents were used at levels at or above those used in previous clinical reports [34] [35] [36] [37] 40] . It is therefore possible that a lack of penetration of the active drug regimen into the target tissues or cellular compartments may have contributed to the lack of efficacy. This raises the possibility that: (1) absorption of these agents was inefficient; and (2) unaccounted for metabolic interactions may have negatively affected the in vivo anti-oxidative properties of the agents when used in combination, possibly nullifying their individual effects. However, with the available data, we were not able to assess causality in this study.
Several other interventional studies using antioxidants have failed, with possible suggested explanations including inadequacy of the doses used, short duration of therapy or poor timing of initiation of the supplement [41] . Another possible reason for the failure of antioxidants to reduce diabetes-related complications is the vast array of mechanisms of glucotoxicity that are independent of oxidative stress. Thus Mooradian and Haas suggest that endoplasmic reticulum stress could explain a recent failure of antioxidant treatment to reduce diabetesrelated complications [41] .
An additional unexpected observation was the possible detrimental effect of the triple antioxidant on myocardial perfusion. This is in contrast to data obtained in various cohorts of patients with type 1 or type 2 diabetes when using these agents as monotherapy. Allopurinol [42] and nicotinamide [43] used as monotherapies have both been shown to improve endothelial function. However, importantly, allopurinol blocks purine degradation and may result in the accumulation of purine metabolites, including adenosine in the myocardium. This may have contributed to the slightly (although non-significant) higher resting MBF in participants treated with the antioxidant regimen, and to an impaired microvascular responsiveness to adenosine infusion.
Study limitations include the high rate of dropout, the limited power due to the relatively low number of patients, the relatively short duration of the study and the limited assessment of changes in oxidative stress markers. Since this study was designed and initiated, more sensitive techniques such as mass spectrometry have been developed to evaluate multiple oxidative pathway intermediates, which unfortunately, due to sample limitations, were not available for this study. However, this study is to date the first and only one to comprehensively assess the efficacy of a combined antioxidant approach that has been validated in experimental models of neuropathy [30] in participants with diabetes using highly sensitive state of the art technology to characterise CAN, MBF and DPN.
In summary, treatment with a triple antioxidant regimen consisting of ALA, allopurinol and nicotinamide for 24 months failed to prevent changes in oxidative stress and progression of CAN, MBF deficits or DPN in this cohort of patients with type 1 diabetes, suggesting that traditional antioxidant approaches have limited efficacy in human diabetes even when used in combination. These findings are important for the design of future studies using new agents to target pathogenic mechanisms of CAN and DPN development in diabetes. Duality of interest The authors declare that there is no duality of interest associated with this manuscript.
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